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Abstract
In this chapter, we present various opportunities of using optical wireless communication
(OWC) technologies in each sector of optical communication networks. Moreover, chal-
lenges of optical wireless network implementations are investigated. We characterized the
optical wireless communication channel through the channel measurements and present
different models for the OWC link performance evaluations. In addition, we present some
technologies for the OWC performance enhancement in order to address the last-mile
transmission bottleneck of the system efficiently. The technologies can be of great help in
alleviating the stringent requirement by the cloud radio access network (C-RAN)
backhaul/fronthaul as well as in the evolution toward an efficient backhaul/fronthaul for
the 5G network. Furthermore, we present a proof-of-concept experiment in order to
demonstrate and evaluate high capacity/flexible coherent PON and OWC links for differ-
ent network configurations in the terrestrial links. To achieve this, we employ advanced
modulation format and digital signal processing (DSP) techniques in the offline and real-
time mode of the operation. The proposed configuration has the capability to support
different applications, services, and multiple operators over a shared optical fiber infra-
structure.
Keywords: atmospheric turbulence, bit error rate (BER) performance, channel charac-
terization, ergodic capacity, free-space optical (FSO) communication, relay-assisted
transmission, RF/FSO technology, scintillation index
1. Introduction
The Internet is experiencing high growth with varieties of bandwidth-intensive mobile applica-
tions on an unprecedented scale. One of the potential reasons for the growth is the Internet of
Things (IoT) technologies that have brought exceptional revolutions into the number of devices
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in the network. Conceptually, IoT entails ubiquitous existence of a variety of things such as
mobile phones, sensors, actuators, and radio-frequency identification (RFID) tags. These entities
are capable of interacting with each other as well as cooperating with their neighbors in order to
accomplish common goals via unique addressing scheme [1]. It is envisaged that by the year
2020, billions of devices with an average of six to seven devices per person will be connected to
the Internet [2]. The fifth generation (5G) wireless communication systems in which millimeter-
wave (mm-wave) and massive multiple-input multiple-output (M-MIMO) antenna technologies
are expected to be integrated are the promising solutions for supporting the huge amount of
anticipated devices. However, the radio-frequency (RF)-based wireless mobile technologies
transmission speeds are limited by the available RF spectrum in the regulated RF spectrum. This
is due to various innovative wireless technologies and standards like WiMAX (IEEE 802.16),
UWB (IEEE 802.15), Wi-Fi (IEEE 802.11), iBurst (IEEE 802.20), the cellular-based 3G and 4G [3].
Moreover, because of various advanced technologies being employed in the optical communica-
tions, there have been considerable advancements in the optical system capacity, network reach,
and number of supported users. For example, the optical-fiber-based broadband network archi-
tectures like fiber to the home (FTTH) and fiber to the building (FTTB) present commercial
solutions to the communication barriers by progressively rendering services closer to the cus-
tomers via the passive optical network (PON) technologies such as gigabit PON (GPON),
10Gbps PON (XG-PON), and Ethernet PON (EPON). Currently, one of the major challenges is
the capability to support various service requirements so as to achieve elastic and ubiquitous
connections [4]. Consequently, convergence of wireless and optical networks is highly essential
for cost-effective and pervasive network penetration for the next-generation network (NGN).
The convergence will help in exploiting the mobility benefit offered by the wireless connectivity
and the inherent bandwidth provided by the optical systems. This will help in achieving the
anticipated capacity and energy-efficiency objectives of the NGNs [3]. Furthermore, optical
wireless communication (OWC) system is one of attractive broadband access technologies that
offer high speed as well as improved capacity. Consequently, the OWC can attend to the
bandwidth requirements of different services and applications of the NGNs at relatively low
cost [3, 5].
The OWC can be an alternative and/or complementary technology for the current wireless RF
solutions. For instance, OWC operating at 350–1550 nm wavelength band can offer high data
rate of about 30 Gb/s data rate. This advantage makes it an attractive solution for addressing
the prevailing “last mile” and “last-leg” problems in the access network. Furthermore, in
mobile communication, resources re-use is an important requirement in order to enhance the
network coverage and capacity. OWC technology is able to meet this requirement with the aid
of spatial diversity [5, 6]. OWC link can be of different configurations such as
1. Directed line of sight (LOS)
2. Nondirected LOS
3. Diffuse
4. Quasidiffuse
5. Multispot LOS
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Out of these configurations, the LOS links have the highest data rates, lowest bit error rate
(BER) performance, and less complex protocol. These features make LOS link the extensively
employed configuration in the outdoor applications. Nevertheless, the major deficiencies of the
LOS link are lack of mobility and susceptibility to blockage. The diffuse and nondirected LOS
configurations, on the other hand, give better mobility advantages and are less susceptible to
shading. However, noise, path loss, and multipath-induced dispersion relatively hinder their
achievable data rate for high-speed links. Intensity modulation/direct detection (IM/DD) is the
most widely used scheme in OWC systems. Furthermore, coherent scheme can also be
employed to enhance channel usage. Implementation of coherent scheme relatively improves
system performance at the expense of increased system complexity. This can be attributed to
the fact that, precise wave-front matching between the incoming signal and the local oscillator
(LO) is required to guarantee efficient coherent reception. Furthermore, DD application is
uncomplicated as just low-cost transceiver devices are required without the necessity for the
intricate high-frequency circuit designs relative to coherent systems [5, 6].
1.1. Block diagram of OWC system
A terrestrial OWC system consists of the transmitter, channel, and receiver. Figure 1 illustrates
a schematic of a terrestrial OWC system. The source at the transmitter generates information
waveforms which are modulated onto an optical carrier. The optical field produced is then
radiated over the atmospheric channel to the destination. The optically collected field at the
receiver is then transformed to an electrical current. The detected electrical current is processed
in order to recover the original transmitted information [8]. However, the received information
may not be an exact replica of the original transmitted information because of the transmission
loss experienced over the channel by the signal. This factor significantly limits the performance
of wireless communications systems.
Figure 1. Block diagram of a terrestrial OWC system.
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The transmission loss is mainly due to the resultant effects of scattering and absorption which
are being introduced by the molecular constituents and aerosols along the transmission path.
Therefore, scattering and wavelength-dependent absorption are the key components of atmo-
spheric attenuation. Since absorption is a function of wavelength and wavelength selective,
there are a range of wavelength windows that experience comparatively minimal absorptions.
These transmittance windows in the absorption spectra of the atmospheric molecules are as
shown in Figure 2.
In general, the wavelength ranges of 780–850 nm and 1520–1600 nm commonly used in the
current OWC equipment are located in the atmospheric transmission windows where molec-
ular absorption is negligible. This helps in mitigating the atmospheric absorption losses.
Furthermore, certain wavelength windows that are located in the region of four specific
wavelengths such as 850, 1060, 1250, and 1550 nm normally experience an attenuation of less
than 0.2 dB/km. It is worth noting that the 850- and 1550-nm transmission windows coincide
with the standard transmission windows of fiber communication systems. For this reason,
majority of commercial OWC systems operate at these two windows in order to encourage
the use of the available off-the-shelf components. Also, wavelengths like 10 μm and ultraviolet
(UV) have also been considered for OWC systems. The 10-μm wavelength has better fog
transmission characteristics, whereas the UV wavelength is more robust against impairment
such as pointing errors and beam blockage. Also, the UVwavelength is less susceptible to solar
and other background interferences [8].
Furthermore, it is worth noting that 1520–1600-nm wavelengths are compatible with erbium-
doped fiber amplifier (EDFA) technology. This is highly essential in order to achieve high-
power and high-data rate systems. Moreover, 1520–1600-nm wavelengths enable transmission
of about 50–65 times more average output power than can be transmitted at 780–850 nm for a
Figure 2. Atmospheric transmittance window with absorption contribution (adapted from Ref. [7]).
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specified eye safety classification. This can be attributed to the low transmission of the human
eye at these wavelengths [9].
1.2. Safety and regulations
One of the key factors for laser transmitter design is the safety issue. The infrared (IR) light
sources can be likely safety threats to human if they are operated inappropriately. Also,
exposure to certain optical beams may injure human skin and eye. However, the likely harm
to the eye is comparatively more severe due to the eyes’ ability to focus and concentrate optical
energy. For instance, the eye can focus wavelength range of 0.4–1.4 μm on the retina with
enough intensity to damage it; however, other wavelengths can to be absorbed by the front
part of the eye before being focused on the retina. It should be noted that laser that is deemed
to be “eye-safe” is also “skin-safe” [5, 9].
Moreover, it has been shown that the absorption coefficient at the front part of the eye is
considerably greater for longer wavelengths (>1400 nm). Consequently, the permissible aver-
age transmission power for lasers operating at 1550 nm is relatively higher. Therefore, they are
usually employed for longer transmission range [5, 9].
Figure 3 depicts the absorption of the eye at different wavelengths. At 700–1000-nm spectral
range, the cost of optical sources and detectors are relatively low; however, the eye safety
regulations are mainly strict. The maximum permissible exposure (MPE) at 900 nm wave-
length is ~143 mW/sr. On the other hand, at longer wavelengths (≥1500 nm), the eye safety
regulations are relatively less stringent; however, devices operating in these wavelengths are
comparatively expensive. The guidelines on the safety of optical beams have been specified by
several international standard organizations such as [5, 9]
Figure 3. Response of the human eye at different wavelengths.
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1. International Electrotechnical Commission (IEC)
2. Center for Devices and Radiological Health (CDRH)
3. European Committee for Electrotechnical Standardization (CENELEC)
4. American National Standards Institute (ANSI)
5. Laser Institute of America (LIA)
The aforementioned organizations have established mechanisms for categorizing lasers in
accordance with their type and power. Generally, the classification is based on four groups
which are Class 1 through Class 4. Comparatively, Class 1 is the least powerful whereas Class 4
is the most powerful. Also, each of the classes is specified by the accessible emission limits
(AELs) metric. The AEL is determined by the optical source wavelength, the emitter geometry,
and the source intensity [5, 9]. Consequently, the AEL varies from one OWC category to
another. In the subsequent section, we present the major OWC categories.
2. OWC system classification
There have been growing research interests in the OWC system as a viable solution to attend to
the NGN requirements in cost-effective ways. The two generic groups of OWC are indoor and
outdoor optical wireless communications. The unlimited bandwidth offered by the OWC can
be attributed to different bands such as IR, visible (VL), and UV being employed for commu-
nication purposes. Figure 4 shows the electromagnetic spectrum for different applications.
Furthermore, the spectrum illustrates the frequency and wavelength ranges being occupied
by the bands in OWC. The indoor OWC employs IR or VL light for an in-building wireless
solution. It is of high importance especially in scenarios in which the probability of offering
network connectivity through physical wired connections is challenging. Moreover, the indoor
OWC systems can be categorized into four broad configurations such as tracked, diffused,
nondirected LOS, and directed line of sight (LOS). Furthermore, the outdoor OWC employs
optical carrier for transporting information from one point to another over an unguided
channel that could be an atmosphere or a free space. So, this OWC technology is also known
as a free-space optical (FSO) communication system. The FSO communication systems operate
Figure 4. Electromagnetic spectrum.
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at the near IR frequencies and are classified into terrestrial and space optical links. These
consist of building-to-building, satellite-to-ground, ground-to-satellite, satellite-to-satellite,
and satellite-to-airborne platforms (unmanned aerial vehicles [UAVs] or balloons) [10]. The
tree diagram in Figure 5 shows the OWC system classification.
2.1. Underwater optical wireless communications (UOWCs)
The underwater wireless communications are a process of transmitting data in unguided
water environments via wireless carriers such as acoustic wave, RF wave, and optical wave.
Compared to the RF or acoustic alternatives, UOWC offers higher data rate and transmission
bandwidth. Basically, the UOWC uses optical wave as wireless carrier for an unguided data
transmission. The UOWC systems are applicable in disaster precaution, offshore exploration,
environmental monitoring, as well as military operations. Nevertheless, UOWC systems are
susceptible to absorption and scattering which are normally created by the underwater chan-
nels. These conditions lead to severe attenuation of optical wave and eventually hindered the
system performance. Different viable techniques have been presented in the literature to attend
to the associated technical challenges of a UOWC. One of such is an underwater wireless
sensor network (UWSN). Figure 6 depicts a UWSN with aerospace and terrestrial communi-
cations.
The major entities in the UWSN are distributed nodes such as relay buoys, seabed sensors,
autonomous underwater vehicles (AUVs), and remotely operated underwater vehicles
(ROVs). The network entities are capable of performing tasks like processing, sensing, and
communication in order to sustain collaborative monitoring of the underwater environment.
The acquired data by the sensors that are located at the seabed are transmitted through
acoustic/optical links to the AUVs and ROVs which in turn relay the signal to the ships,
communication buoys, and other underwater vehicles. Furthermore, the onshore data center
that is above the sea surface then processes the data and communicates with the satellite and
the ships via RF/FSO links [11].
Figure 5. Optical wireless communication system classification (adapted from Ref. [10]).
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2.1.1. UOWC link configuration
The four categories of UOWC based on the link configurations of the UWSN’s nodes are as
follows:
1. Point-to-point line-of-sight (PTP-LOS) configuration
The PTP-LOS arrangement is the widely adopted link configuration in the UOWC. In this
configuration, the receiver detects the light beam in the direct path to the transmitter. Due
to the fact that light sources like lasers are generally used in the PTP-LOS-based systems,
precise pointing between the transceiver is essential. Hence, the requirement limits the
performance of UOWC systems in turbulent water environments. Also, this can even be
more stringent when the transmitter and the receiver of the underwater vehicles are not
stationary [11].
2. Diffused LOS (D-LOS) configuration
Unlike the PTP-LOS scheme that employs light sources with narrow divergence angle, the
D-LOS is a point-to-multipoint (PTMP) configuration that uses diffused light. The light
sources like high-power light-emitting diodes (LEDs) that have large divergence angle are
used for the UOWC transmission from one node to multiple nodes. The broadcast nature
of this configuration helps in relaxing the requirement for precise pointing. Nonetheless,
the scheme is prone to aquatic attenuation which is as a result of the large interaction area
with the water. Consequently, this limits D-LOS application to comparatively short dis-
tances and lower data rate communications [11].
Figure 6. UWSN with aerospace and terrestrial communication.
Optical Communication Technology12
3. Retroreflector-based LOS (R-LOS) configuration
The R-LOS configuration is a special form of PTP-LOS scheme. The R-LOS scheme is
appropriate for duplex UOWC systems in which the sensor nodes are expected to have
low form factors and consume less power. Due to the fact that there is no laser or other
light sources in the retroreflector end, its power consumption, weight, and volume are
significantly reduced. However, the R-LOS performance is limited by the backscatter of
the transmitted optical signal that may interfere with the reflected signal [11].
4. Non-line-of-sight (NLOS) configuration
Another category of UOWC that does not require alignment restriction of LOS is NLOS
configuration. The concept of this configuration is that the transmitter launches the beam
of light to the sea surface in such a way that the angle of incidence is greater than the
critical angle. This ensures that the light beam experiences a total internal reflection. In this
scheme, the receiver is directed toward the sea surface in a direction approximately
parallel to the reflected light for appropriate signal reception. However, signal dispersion
may occur due to the random sea surface slopes (i.e., induced by wind or other turbulence
sources) that may reflect the light back to the transmitter [11].
2.1.2. Advantages and challenges of UOWC
The three means of realizing an underwater wireless communication for UWSNs are acoustics,
RF, and optics [11]. We compare all schemes so as to point out some salient features and
advantages of UOWC:
1. Acoustic communication
Acoustic communication is the widely employed method in the underwater wireless
communication due to the fact that it is the most viable means of realizing the longest
underwater link range. However, the frequency range of operation of acoustic communi-
cation is limited (between tens of hertz and hundreds of kilohertz). So, comparatively, this
results in low transmission rate in the order of Kbps. Furthermore, the speed of sound
wave in the fresh water is about 481 m/s at 2C and in the salt water it is about 1500 m/s
(1500.235 m/s at 1 MPa, 10C and 3% salinity). These comparative slow propagation
speeds make acoustic links prone to serious communication delay. Consequently, acoustic
communication cannot be employed in applications that require large volume of data
transmission in real time. Additionally, acoustic technology not only impacts marine life
but also involves the use of costly, bulky, and energy-consuming transceivers [11].
2. RF communication
There are two main advantages of underwater RF communication. In relation to other
UWC methods, the RF wave can achieve a smooth transition through the air/water
interface. The feature enables a cross-boundary communication that unifies both terres-
trial and underwater RF communication systems. It is remarkable that underwater RF
communication is the method that is most tolerant to the water turbulence and turbidity.
Nevertheless, the method is limited by the associated short link range. Likewise, the
Challenges and Opportunities of Optical Wireless Communication Technologies
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underwater RF methods are cost-ineffective due to the required high energy-consuming
transceivers, costly and huge transmission antenna [11].
3. Optical communication
The outstanding technical merits of UOWC are the lowest link delay, highest communica-
tion security, highest transmission rate, and lowest implementation costs compared to
other methods. The comparative high-speed benefit of UOWC makes it a promising
candidate for real-time applications like underwater video transmission. In UOWC sys-
tems, LOS configuration is normally employed in the transmission. This helps in
preventing eavesdroppers, and hence improves communication security. Besides, UOWC
is the most cost-effective and energy efficient means of underwater wireless communica-
tion. This can be attributed to the comparatively small, low-energy consuming, and low-
cost optical transceivers which are normally employed. This aids in system scalability and
large-scale commercialization of UOWC [11]. However, UOWC also has certain associ-
ated challenges, which makes its realization highly demanding. The key challenges of
UOWC are enumerated as follows:
a. Poor system performance
When light propagates in water, the photon interacts with the water molecules as
well as other particulate matters inside the water. The interaction results in absorp-
tion and scattering which attenuate the transmitted optical signal and eventually
bring about multipath fading. Consequently, in turbid water environment, UOWC
experiences poor BER performance over just a few hundred meters link distance.
Furthermore, the presence of matters like chlorophyll and other colored dissolved
organic material (CDOM) leads to an increase in the turbidity of the water. So, they
reduce the propagation distance of the transmitted optical signal. Besides, since the
concentration of CDOM varies with ocean depth variations, the associated light
attenuation coefficients also change. This anomaly results in an increase in the system
complexity [11, 12].
b. Intermittent connection
In practice, owing to the narrow divergence feature of blue/green lasers or LEDs, they
are usually employed as the light sources in UOWC systems. Therefore, the narrow
feature demands a precise alignment between the optical transceivers. However,
there is high tendency for intermittent misalignment of optical transceivers because
of the turbulence in the underwater environment. Hence, sporadic movements of the
sea surface will bring about severe connectivity loss [11, 12].
c. Energy constraint and system reliability
Factors such as the pressure, temperature, flow, and salinity of the seawater have
high impact on the performance and lifetime of UOWC devices. Furthermore, UOWC
devices are susceptible to failures due to corrosion and fouling. So, reliable underwa-
ter devices are required for effective communications. Also, due to the fact that
exploitation of solar energy is extremely difficult and UOWC devices are expected to
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experience extended operation time, then, reliability of the batteries and power con-
sumption efficiency of device are essential in a UOWC environment [11, 12].
2.2. Visible light communication (VLC) systems
The current enhancement of LED chip design with swift nanosecond-switching times and
extensive deployment of LEDs for energy efficiency paves the way for visible light communi-
cation (VLC) system [13, 14]. So, the VLC system has become an attractive technology for
addressing challenges such as energy efficiency, bandwidth limitation, electromagnetic radia-
tion, and safety in wireless communications [15, 16]. The VLC system operates in the wave-
length range of ~390–750 nm. Table 1 shows the seven colors with specific frequency and
wavelength for visible spectrum. Figure 7 illustrates VLC system implementation. The concur-
rent support for communication and illumination by the VLC offers the following advantages
over the RF communications.
Color Wavelength (nm) Frequency (THz)
Violet 440–405 680–740
Indigo 455–440 660–680
Blue 475–455 630–660
Green 560–475 535–630
Yellow 585–560 515–535
Orange 605–585 495–515
Red 685–605 435–495
Adapted from Ref. [17].
Table 1. Visible spectrum colors.
Figure 7. Visible light communication system.
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2.2.1. Huge bandwidth
It exhibit almost unlimited and unlicensed bandwidth which approximately ranges from 380
to 780 nm. Therefore, VLC has 350 THz that can support multi-gigabit-per-second data rates
with LED arrays in a multiple-input multiple-output (MIMO) configuration [14]. This makes
VLC a good alternative to the indoor IR that operates at 780–950 nm for the access technolo-
gies [6].
2.2.2. Low power consumption
VLC provides both communication and lighting, giving Gbps data rates with only unsophis-
ticated LEDs and photodetectors (PDs) that consume low power compared to costly RF
alternatives that demand high power consumption for sampling, processing, and transmitting
Gbps data [14].
2.2.3. Low cost
The required optical components such as LEDs and photodetectors are inexpensive, compact,
lightweight, amenable to dense integration, and have very long lifespan [13]. Moreover, with
large unlicensed optical spectrum as well as much lower power-per-bit cost compared to the
RF communications, VLC is relatively cheaper.
2.2.4. No health concerns
VLC does not generate radiation that leads to public health concern. Besides, it lowers the
carbon dioxide emission owing to the little extra power consumption for communication
purposes [18].
2.2.5. Ubiquitous computing
Due to the fact that there are various luminous devices like traffic signs, commercial displays,
indoor/outdoor lamps, TVs, car headlights/taillights, and so on being used everywhere, VLC
can be employed for a wide range of network connectivity [19].
2.2.6. Inherent security
VLC offers comparatively higher security due to the fact that it is highly intricate for a network
intruder that is outside to pick up the signal [14].
2.2.7. Indoor localization
The existing RF-based global positioning system (GPS) gives inadequate or no network cover-
age in the indoor and underground (e.g., tunnel) environment. This is as a result of high
attenuation, multipath, and the safety regulation. These factors lead to an accuracy of only up
to a few meters for the RF-based GPS. The VLC-based indoor positioning can be employed to
attend to the issues in the enclosed environments. So, the VLC-based indoor navigation
services offer very high accuracy to within a few centimeters. In essence, VLC offers good
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indoor localization system using the white LEDs. Furthermore, LEDs give better light source
that is more than 400 lux. This is sufficient for high-speed data transmission compared to the
incandescent and fluorescent sources. Moreover, LEDs have longer lifespan that results in
ecological and financial benefits [6].
In addition, VLC is an alternative technology in sensitive or hazardous environments like
airplanes, hospitals, and industrial gas production plants where the employment of RF tech-
nology is not permitted. The worldwide research community through bodies like the Wireless
World Research Forum, the IEEE standardization body, the VLC consortium, the UK research
council, and the European OMEGA project has embraced the indoor short-range VLC as a
promising scheme because of the associated excellent attributes [6].
However, simultaneous employment of light sources for the data communication as well as
illumination causes certain challenges that require consideration for VLC system imple-
mentations to be viable. Flicker mitigation and dimming support are the two major challenges
of visible light spectrum [14, 20]. In the contemporary lighting systems, the light sources are
equipped with dimming control functionality that enables the users to control the average
brightness of light sources to their preferred level. Flicker is the variation in the brightness of
light perceived by the human naked eye. Flicker is as a result of continuous switching on and
off of the light source during data transmission. It is essential to mitigate any possible flicker
because it can instigate negative/harmful physiological changes in humans. Flicker can be
prevented by making the changes in brightness be within the maximum flickering time period
(MFTP). The MFTP is the maximum time period within which the light intensity can be
changed without any perception by the human eye [14]. Also, various modulation formats
have been recommended for VLC in view of dimming control and flicker mitigation. For
instance, the IEEE 802.15.7 standard proposes variable pulse position modulation (VPPM) for
VLC system because of its notable ability to control dimming. It integrates the pulse position
modulation (PPM) and pulse width modulation (PWM) in order to support communication
with dimming control [14, 20]. Furthermore, other challenges are high path losses, multipath-
induced intersymbol interference (ISI), artificial light-induced interference, and blocking.
Moreover, LED electro-optic response nonlinearity has to be taken into consideration [6].
2.3. Wireless body area network (WBAN)
Wireless body area network (WBAN) is a system that comprises a set of miniaturized low-
power, lightweight sensor nodes, which form wireless sensor networks (WSNs). Figure 8
shows a WBAN system for medical monitoring. With the help of the sensor nodes, WBANs
have emerged as an attractive alternative to the conventional wired medical network. Also,
there has been noteworthy increase in the WBAN systems because of the IEEE 802.15.6
standard that regulates their commercial applications. Furthermore, there is an obligation on
2.36–2.40-GHz frequency band as a medical-only WBAN band by the Federal Communica-
tions Commission (FCC). The restriction is purposely for service provisions for the indoor
health-care facilities as well as for supporting the patients’ health-care information and man-
agement [21, 22]. Furthermore, the constraint is also to guarantee high quality of service for the
health information transmission.
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The distributed sensors in the WBAN can be implanted in or on the human body in order to
monitor physiological parameters in real time. The implanted sensors that are wirelessly
connected to the outside network through a central unit collect different vital health informa-
tion. The monitored physiological data include electromyogram (EMG), electroencephalogram
(EEG), electrocardiogram (ECG), temperature, heart rate, blood pressure (BP), and glucose
level [22]. The ZigBee, Bluetooth, as well as the current Bluetooth Low Energy (BLE) are
contending for market share of wireless health devices. Their major appealing advantages are
low power consumption and the added mobility [23]. Health devices that employ these
technologies are operating in the industrial, scientific, and medical (ISM) radio bands. High
emissions from these devices can create electromagnetic interference (EMI) and eventually
disrupt communication. Similarly, there are security issues concerning data transmission for
patient monitoring which are susceptible to hacking [23].
Furthermore, it should be noted that the existing WBANs that use ultra-wide band (UWB)
transmissions are RF based. However, their implementation in the hospitals and medical
facilities where RF-based system deployment is restricted or prohibited can be challenging.
This is due to the potential effects of EMI from various RF transceivers on medical devices. The
EMI effects can lead to medical equipment malfunction. Also, RF wave propagation on and/or
in the human body is highly complex to examine. Consequently, to address these challenges
OWC can be employed as an alternative solution [24].
The ECG signal and patient information can be transmitted concurrently with the help of VLC
technology. Moreover, certain medical equipment like the one for the cardiac stress test (or
cardiac diagnostic test) can be improved on by incorporating LEDs on the sensor units. This
implementation will help in minimizing the large amount of cables (e.g., electrodes) that are
normally required. Besides, VLC employment is greener (green communication and network-
ing), safer, more secure in RF-restricted/prohibited hospitals and medical facilities [23]. Fur-
thermore, it is worth noting that the current advancements in the organic LED (OLED)
technology enable the integration of VLC transceivers into wearable gadgets and clothing [24].
Figure 8. Wireless body area network.
Optical Communication Technology18
2.4. Optical space communications
An effective communication links between satellites enable better flexibility, extended cover-
age, and improved connectivity to be achieved in satellite systems. This is applicable in
interorbit links between satellites in low earth orbit (LEO) and geostationary orbit (GEO).
Furthermore, intersatellite links between satellites in the same GEO or LEO orbit are other
scenarios for application. Also, the satellite system connectivity can be enhanced by exploiting
the free-space links between satellites. This will result in an improved capacity for telecommu-
nication systems. Moreover, the capability to relay data from the earth observation satellite to
the ground through a GEO relay satellite enables real-time data flow and minimizes the
number of ground stations required for service delivery in the system [25].
Generally, the space link implementation can be realized at microwave, millimetric, and optical
frequencies. Also, all technologies require the communication beam that emanates from the
transmitting terminal to be pointed toward the receiving terminal with sufficient accuracy.
This is necessary in order to meet the required link power budget. Table 2 presents typical
antenna gains and beamwidths for intersatellite link technologies [25].
It should be noted that out of the technologies, optical frequency offers an exceptionally high
antenna gain for comparatively small antenna size. Therefore, optical links provide significant
advantages such as low mass, low power consumption, and reduced size. As demonstrated
in [26], the optical antenna diameter may be relatively smaller than that of RF by a factor of 13.
Also, its mass and power can be half of that for RF systems. Table 3 compares different
communication technologies in terms of mass, power, and antenna diameter. An architecture
that depicts ground-to-satellite optical links that are connected to satellite network and then
satellite-to-ground optical links is illustrated in Figure 9. The salient features of optical links
enable small terminals that can be easily accommodated on the satellite [25]. Also, optical
space-based communication offers high-data rate, large capacity, minimized interference risk
with other communication systems, and efficient utilization of frequency resources [10, 26].
Nevertheless, the space FSO communications are susceptible to atmospheric effects which
make the channel a random function of space and time. Consequently, the uplink/downlink
transmissions suffer from losses such as atmospheric scintillation, beam divergence, absorp-
tion, scattering, misalignment, cloud blockage, background noise and angle-of-arrival fluctua-
tions. It should be noted that the losses confronted by the beam in the FSO uplink transmission
Band Parameters
Frequency Antenna diameter (m) Antenna gain (dBi) 3 dB beamwidth degrees
S-band 2 GHz 2 30 5.25
Ka-band 26 GHz 2 52 0.40
Millimeter 60 GHz 1 53 0.35
Optical 0.36 PHz 0.07 108 6.7104
Adapted from Ref. [25].
Table 2. Intersatellite link technologies comparison.
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are very large compared to downlink transmission. Furthermore, the intersatellite FSO links
are insusceptible to weather conditions due to the fact that the satellite orbits are at a consid-
erable distance over the atmosphere [10]. However, the associated narrow optical beamwidths
Figure 9. Space optical communication.
Link Frequency band
Optical Ka Millimeter
Antenna
diameter
Mass Power Antenna
diameter
Mass Power Antenna
diameter
Mass Power
GEO-LEO 10.2 cm
(1.0)
65.3 kg
(1.0)
93.8 W
(1.0)
2.2 m
(21.6)
152.8 kg
(2.3)
213.9 W
(2.3)
1.9 m
(18.6)
131.9 kg
(2.0)
184.7 W
(2.0)
GEO-GEO 13.5 cm
(1.0)
86.4 kg
(1.0)
124.2 W
(1.0)
2.1 m
(15.6)
145.8 kg
(1.7)
204.2 W
(1.6)
1.8 m
(13.3)
125.0 kg
(1.4)
175.0 W
(1.4)
LEO-LEO 3.6 cm
(1.0)
23.0 kg
(1.0)
33.1 W
(1.0)
0.8 m
(22.2)
55.6 kg
(2.4)
77.8 W
(2.3)
0.7 m
(19.4)
48.6 kg
(2.1)
68.1 W
(2.1)
Adapted from Ref. [26].
Table 3. Comparison of different technologies with transmit power of 10, 50, and 20 W for optical-, Ka-, and millimeter-
band systems, respectively.
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bring about stringent pointing, acquisition, and tracking (PAT) requirements for optical sys-
tems. This can also be attributed to different relative velocity of the satellite. So, a compact low-
mass PAT system is required to address PAT requirements [26].
2.5. Terrestrial free-space optical (FSO) communications
There have been much more research effort in terrestrial FSO partly because of some successful
field trials and commercial deployments [27–31]. Figure 10 shows a scenario for FSO system
deployment as a universal platform for a nippy as well as an efficient ubiquitous wireless
service provision for the future broadband access networks. The significant attentions being
attracted by the FSO systems are primarily due to their inherent advantages such as cost-
effectiveness, lower power consumption (high-energy-efficiency-green communication), ease
of deployment, higher bandwidth/capacity, more compact/low-mass equipment, reduced
time-to-market, immunity to EMI, high degree of security against eavesdropping, license-free
operation, as well as better protection against interferences, compared with the traditional RF
communication systems [32, 33]. These salient features make FSO communication systems
very appealing for a variety of applications in disaster recovery, radio astronomy, remote-
Figure 10. A scenario for OWC system deployment for access networks.
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Figure 11. Atmospheric turbulence mitigation techniques (adapted from Ref. [10]).
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sensing/surveillance/monitoring, metropolitan area network extension, high-definition TV
transmission, sharing of medical imaging in real time, and fronthaul and backhaul for wireless
cellular networks [3, 8]. Moreover, apart from being used for establishing terrestrial links, they
are applicable for launching high-speed interplanetary space links such as intersatellite/deep
space and ground-to-satellite/satellite-to-ground links [10].
In spite of the advantages of FSO communication and diverse application, its extensive use is
hindered by some challenges in real-life scenarios. For instance, the FSO links are susceptible
to scattering caused by adverse weather conditions like snow, rain, and fog [8, 33]. Moreover,
building sway caused by factors such as thermal expansion, wind loads, and weak earth-
quakes also impairs the FSO link performance [33]. Also, atmospheric turbulence-induced
fading has been recognized as the main contributor of the FSO link impairment [33, 34].
Consequently, the system performance is impeded as a result of atmospheric effects which
cause loss of spatial coherence, beam spreading, and temporal irradiance fluctuation known as
scintillation or fading [8, 35]. Scintillation manifests as temporal and spatial variation in the
light intensity along the transmission path. This is due to the random changes in the refractive
index which is as a result of the inhomogeneities in the air temperature and pressure [8, 32].
For these reasons, the dispersive nature of the link needs considerable attention when model-
ing an FSO system. This will help in supporting the stringent requirements of various
bandwidth-intensive mobile applications of the NGNs [3]. The FSO link impairment model-
ings are discussed in Section 3. The tree diagram in Figure 11 presents different atmospheric
turbulence mitigation techniques.
3. Optical system and channel model
Assuming a practical FSO link with intensity-modulation/direct-detection (IM/DD) using
OOK modulation, the data are modulated onto the instantaneous intensity of an optical beam
at the transmitter. The optical power emanated from the transmit aperture into the free space is
assumed to be affected by factors such as misalignment fading (pointing errors), atmospheric
turbulence-induced fading, and background noise or ambient noise before reaching the receive
aperture. These factors lead to the signal intensity fluctuation. Consequently, the subsequent
received electrical signal, r, at the receive aperture can be modeled as [3, 35–37]
r ¼ ηehxþ n, ð1Þ
where x ∈ {0,1} denotes the transmitted information bit, ηe is the effective photoelectric conver-
sion ratio of the receiver, n is additive white Gaussian noise (AWGN) with zero mean and
variance, σ2n ¼ N0=2;N0 is a one-sided noise power spectral density in watts/Hz, and h = hℓhahp
represents the irradiance that influences the channel state. The channel irradiance in Eq. (1) is a
product of the deterministic path loss, hℓ: the random attenuation (i.e., atmospheric
turbulence-induced fading), ha, as well as the random attenuation (due to geometric spread
and pointing errors), hp. The ha and hp are random variables with probability density functions
(pdfs) f ha ðhaÞ and f hpðhpÞ, respectively.
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3.1. Atmospheric attenuation
When an optical beam passes through the atmosphere, it experiences atmospheric loss. The
attenuation suffered by the signal power according to the exponential Beers-Lambert law is
given by [36–38]
hℓðλ, zÞ ¼
Pðλ, zÞ
Pðλ, 0Þ
¼ exp ðσðλÞzÞ ð2Þ
where hℓ(λ, z) denotes the loss that is a function of propagation path of length z at wavelength λ,
P(λ, z) and P(λ, 0) are the signal power and the emitted power at distance z, respectively. The
attenuation coefficient or the total extinction coefficient, σ(λ) per unit of length, is given by [36]
σðλÞ ¼ αmðλÞ þ αaðλÞ þ βmðλÞ þ βaðλÞ, ð3Þ
where αm,a represent molecular and aerosol absorption coefficients, respectively, and βm,a
denote molecular and aerosol scattering coefficients, respectively.
The attenuation hℓ is assumed to be a constant scaling factor over a long time period, so, there
is no haphazard behavior. Moreover, it is subject to the distribution and size of the scattering
particles as well as the wavelength employed. It can be expressed in terms of visibility, which
can be measured directly from the atmosphere. Empirically, attenuation can be defined in
terms of visibility as [36]
σðλÞ ¼
3:912
V
λ
550
 q
, ð4Þ
where V is the visibility (in kilometers) and q is a parameter that depends on the particle size
distribution in the atmosphere expressed by the Kruse model as [36]
q ¼
1:6 V > 50 km
1:3 6 km < V < 50 km
0:585V1=3 V < 6 km
8><
>: ð5Þ
Furthermore, Kim presents an extended model in order to achieve a better accuracy at lower
visibility scenarios. The Kim model is expressed as [36]
q ¼
1:6 V > 50 km
1:3 6 km < V < 50 km
0:16V þ 0:34 1 km < V < 6 km
V  0:5 0:5 km < V < 1 km
0 V < 0:5 km
8>>><
>>>>:
ð6Þ
3.2. Pointing error or misalignment fading
An FSO link is an LOS communication with narrow optical beamwidth that brings stringent
pointing accuracy requirements for efficient performance and reliability of optical systems.
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Pointing errors and signal fading normally occur at the receiver because of the wind loads and
thermal expansions that lead to random building sways. Assuming a Gaussian spatial intensity
profile of beam waist wz at the receiver plane, located at distance z away from the transmitter.
Also, suppose a circular aperture of radius r, the collected power fraction owing to the geometric
spread with radial displacement α, from the detector origin can be approximated as the Gaussian
form [37, 38]
hpðαÞ ≈A0 exp  2α
2
w2zeq
 !
ð7Þ
where w2zeq ¼ w2z
ffiffiffi
pi
p
erfðυÞ=2υ exp ðυ2Þ, υ ¼ ffiffiffipip r= ffiffiffi2p wz, A0 ¼ ½erfðυÞ2, wzeq is the equivalent
beamwidth, and erf ðÞ denotes the error function given by [39]
erfðxÞ ¼ ð2= ffiffiffipip Þðx
0
eu
2
du ð8Þ
If we assume that the elevation and the horizontal sway are independent and identical Gauss-
ian distributions, then the radial displacement, α, follows a Rayleigh distribution. Then, the
f hpðhpÞ can be defined as [37, 38]
f hpðhpÞ ¼
γ2
A
γ2
0
hγ
21
p , 0 ≤ hp ≤A0 ð9Þ
where γ ¼ wzeq=2σs represents the ratio between the equivalent beam radius and the standard
deviation (jitter) of the pointing error displacement at the receiver and σ2s is the jitter variance
at the receiver.
3.3. Atmospheric turbulence
The intensity fluctuation over the FSO channel has been defined by several statistical models in
the literature for different turbulence regimes. One of such model is the log-normal (LN)
distribution that has been extensively employed because of its significant match with the
experimental measurements. This is discussed further in Section 6. Some of other widely
employed models are gamma-gamma (ΓΓ), negative exponential, K distribution, and I-K
distribution. However, in this work, we focus on the LN, ΓΓ, and generic Málaga (M)-distribu-
tion models.
3.3.1. Log-normal distribution (LN)
In general, the LN model is only suitable for weak turbulence conditions and for link range
that is less than 100 m [40]. So, the intensity fluctuation pdf for the weak turbulence modeled
by the LN distribution is given by [3, 35]
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f haðhaÞ ¼
1
2ha
ffiffiffiffiffiffiffiffiffiffi
2piσ2x
p exp ðlnðhaÞ þ 2σxÞ2
8σ2x
 !
, ð10Þ
where σ2x ¼ σ
2
l =4 represents the log-amplitude variance defined for plane wave and spherical
waves, respectively as [3, 35]
σ
2
xjplane ¼ 0:307C
2
nk
7=6L11=6, ð11Þ
σ
2
xjspherical ¼ 0:124C
2
nk
7=6L11=6, ð12Þ
σ
2
l jplane ¼ 1:23C
2
nk
7=6L11=6, ð13Þ
σ
2
l jspherical ¼ 0:50C
2
nk
7=6L11=6, ð14Þ
where σ2l is the log-irradiance variance, k = 2pi/λ represents the optical wave number, L denotes
the distance, and C2n is the altitude-dependent index of refraction structure parameter. The C
2
n
is a main parameter for distinguishing the amount of refractive index fluctuation in the
atmospheric turbulence. It is a function of the atmospheric altitude, wavelength, and temper-
ature. There are a number of C2n profile models being proposed in the literature; however, the
extensively used one in terms of altitude is the Hufnagle-Valley model given by [3, 5, 35, 39]
C2nðhÞ ¼ 0:00594ðvw=27Þ
2ð105hÞ10 exp ðh=1000Þ þ 2:7 1016 exp ðh=1500Þ þ A^ exp ðh=100Þ,
ð15Þ
where h signifies the altitude in meters (m) and A^ represents the nominal value of C2nð0Þ at the
ground level in m2/3. The value of C2n for the FSO links near the ground level is approximately
1.7  1014m2/3 and 8.41014m2/3 during the daytime and at the night, respectively. Gener-
ally, C2n ranges from 10
13m2/3 for the strong turbulence to 1017m2/3 for the weak turbu-
lence. Its typical average value is 1015m2/3 [5, 39]. The vw denotes the root mean square (rms)
wind speed (pseudowind) in meters per second (m/s) with the most usual value of 21 m/s, but
it can be described by [39]
w ¼
1
15 103
ð20103
5103
V2ðhÞdh
" #1=2
, ð16Þ
where V(h) is normally defined by the Bufton wind model that can be expressed as [39]
VðhÞ ¼ ωshþ Vg þ 30 exp 
h 9400
4800
 2" #
ð17Þ
where Vg denotes the ground wind speed and ωs signifies the slew rate that is related to the
satellite movement regarding the observer on the ground.
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We substitute different values of the log-irradiance variance, that is, σ2l ∈ (0.01, 0.1, 0.4, 0.9) in
Eq. (11) into Eq. (10) in order to estimate the intensity fluctuation pdf for the LN distribution. The
LN pdf plot can be easily achieved by using a linear scale; however, we also present results of a
logarithmic scale implementation. This is to ensure uniformity in this chapter because we are
going to use the logarithmic scale to present experimental results of irradiance fluctuation in
Section 6. Moreover, logarithmic scale has the ability to respond to skewness toward the large
values. So, it is more appropriate for illustrating how the measured samples would fit with the
distributions at their tails. Figure 12 shows the LN pdf for different values of log-irradiance
variance. In Figure 12a, linear scale is employed whereas in Figure 12bwe use logarithmic scale.
It is crystal clear that detailed insight of the tails of the plots is presented in Figure 12b. Further-
more, it should be noted that as the value of σ2l increases, the distribution is getting more and
more tilted. This signifies the magnitude of the irradiance fluctuation of the system.
3.3.2. Gamma-gamma (ΓΓ) distribution
In most cases, in the strong turbulence regimes in which the LN distribution characterization is
not valid, the ΓΓ distribution is normally employed in modeling the scintillation effects. Also,
the ΓΓ model can be used in characterizing the fading gains from the weak to the strong
turbulence scenarios. The pdf of ha using the ΓΓ distribution is given by [3, 5, 35, 39]
f haðhaÞ ¼
2ðαβÞðαþβÞ=2
ΓðαÞΓðβÞ
ðhaÞ
ðαþβÞ
2 1Kαβð2
ffiffiffiffiffiffiffiffiffiffi
αβha
p
Þ, ð18Þ
where Γ() represents the gamma function, Kν() is the modified Bessel function of the second
kind of order ν, α and β are the effective number of large-scale and small-scale eddies of the
scattering process, respectively. The parameters α and β are defined, respectively, for the plane
wave as [3, 5, 35, 39]
α ¼ exp
0:49σ2R
ð1þ 1:11σ
12=5
R Þ
7=6
 !
 1
" #1
, ð19Þ
β ¼ exp
0:51σ2R
ð1þ 0:69σ
12=5
R Þ
5=6
 !
 1
" #1
, ð20Þ
Figure 12. Log-normal pdf for different values of log-irradiance variance using (a) linear scale and (b) logarithmic scale.
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and for the spherical wave, they can be expressed as [35]
α ¼ exp
0:49σ2R
ð1þ 0:18d2 þ 0:56σ
12=5
R Þ
7=6
 !
 1
" #1
, ð21Þ
β ¼ exp
0:51σ2Rð1þ 0:69σ
12=5
R Þ
5=6
ð1þ 0:9d2 þ 0:62d2σ
12=5
R Þ
5=6
 !
 1
" #1
, ð22Þ
where d≜ ðkD2=4LÞ1=2, D represents the diameter of the receiver aperture, and σ2R denotes the
Rytov variance which is a metric for the strength of the turbulence fluctuations. The σ2R is
defined for the plane and the spherical waves, respectively, as [5, 35, 39]
σ2Rjplane ¼ 1:23 C
2
n k
7=6 L11=6, ð23Þ
σ2Rjspherical ¼ 0:492 C
2
n k
7=6 L11=6, ð24Þ
Apart from different values of σ2l being employed, that is, σ
2
l ∈ (4.0, 1.5, 0.5), we substitute
different values of the effective number of large- and small-scale eddies of the scattering process,
that is, α and β) α ∈ (4.3, 4.1, 6.0) and β ∈ (1.3, 2.0, 4.4) in Eq. (19) and Eq. (20) into Eq. (18) to
estimate the ΓΓ pdf. The results of both linear and logarithmic scales are depicted in Figure 13.
Figure 13 shows turbulence regimes that correspond to the weak, moderate, and strong atmo-
spheric scenarios. The results show that an increase in the turbulence from the weak regime to
the strong regime leads to corresponding increase in the distribution spreading.
The normalized variance of the irradiance also known as the scintillation index (σ2N) can be
expressed in terms of σ2x and eddies of the scattering process (α and β), respectively, as [35, 39]
σ2N ≜
〈h2a〉 〈ha〉
2
〈ha〉
2
ð25Þ
¼
〈h2a〉
〈ha〉
2
 1 ð26Þ
¼ expð4σ2xÞ  1 ð27Þ
¼ 1=αþ 1=βþ 1=ðαβÞ: ð28Þ
3.3.3. Málaga (M)-distribution
The M-distribution is a generic model that is appropriate for defining the entire turbulent
regimes. Table 4 shows the means of generating the existing atmospheric turbulence models
from theM-distribution model [41]. TheM-distributed fading model is based on components
such as UL, U
C
S , and U
G
S which represent the line-of-sight (LOS) component, the scattered
component by the eddies on the propagation axis that is coupled to the LOS contribution,
and the scattered component to the receiver by the off-axis eddies, respectively. The average
power of the LOS component as well as that of the total scatter components are Ω ¼ E½jULj
2
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and 2b0 ¼ E½jU
C
S j
2 þ jUGS j
2, respectively. In addition, the average power of the coupled-to-LOS
scattering component and that of the scattering component received by off-axis eddies are
E½jUCS j
2 ¼ 2ρb0 and E½jU
G
S j
2 ¼ ð1 ρÞ2b0, respectively. The parameter 0 ≤ ρ ≤ 1 represents the
amount of scattering power coupled to the LOS component [41, 42]. The pdf of the optical
channel gain ha for theM-distribution can be written as [41, 42]
f haðhaÞ ¼ A
Xβ
k¼1
akh
αþk
2 1
a Kαk 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αβha
μβþΩ
0
s !
ð29Þ
where μ ¼ E½jUCS j
2 ¼ ð1 ρÞ2b0, Ω
0
¼ Ωþ 2ρb0 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρb0Ω
p
cosðϕA  ϕBÞ, ϕA and ϕB repre-
sent the deterministic phases of the LOS and the coupled-to-LOS component, respectively; α
denotes a positive parameter that depends on the effective number of large-scale cells of the
Distribution model Generation
ρ Var½jULj Var½G X Ω
0 Var½X γ Ω α β
Rice-Nakagami 0 0
Gamma 0 0
Homodyned K (HK) 0 0 γ
Gamma-gamma 1 1 0
Shadowed-Rician 0
Log-normal 0 0 ! 0
K 0 0
Exponential 0 0 0 ! ∞
Gamma-Rician ! ∞
Adapted from Ref. [41].
Table 4. Approximations required for generating different distribution models from M-distribution model.
Figure 13. Gamma-gamma pdf for weak-strong turbulence regimes using (a) linear scale and (b) logarithmic scale.
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scattering process, β is a natural number which represents the amount of fading parameter,
Kv() represents the modified Bessel function of the second kind with order v, A and ak can be
expressed, respectively, as [41, 42]
A≜
2α
α
2
μ1þ
α
2ΓðαÞ
μβ
μβþΩ0
 !βþα2
ð30Þ
ak ≜
β 1
k 1
  ðμβþΩ0Þ1k2
ðk 1Þ!
Ω
0
μ
 !k1
α
β
 k
2
ð31Þ
3.4. Combined attenuation statistics
The pdf of h = hℓhahp that constitutes the aforementioned factors of the propagation channel
can be defined as [37, 38]
f hðh; wzÞ ¼
ð
f hjhaðhjhaÞf haðhaÞdha ð32Þ
where f hjhaðhjhaÞ is the conditional probability given a turbulence state ha and its distribution
can be written as [37, 38]
f hjhaðhjhaÞ ¼
1
hahℓ
f hp
h
hahℓ
 
¼ γ
2
A
γ2
0 hahℓ
h
hahℓ
 γ21
, 0 ≤ h ≤A0hahℓ: ð33Þ
Therefore, fh(h; wz) can be written as [37]
f hðh; wzÞ ¼
γ2
ðA0hℓÞγ2
hγ
21
ð∞
h=A0hℓ
hγ
2
a f haðhaÞdha: ð34Þ
4. Performance analysis
4.1. BER
The channel state distribution fh(h; wz) can be calculated by employing an appropriate model
for atmospheric turbulence regimes in Eq. (25) as follows:
1. For a weak turbulence ðσ2R < 0:3Þ
In this regime, f haðhaÞ follows LN distribution, so, fh(h; wz) can be expressed as [37]
f hðh; wzÞ ¼
γ2
2ðA0hℓÞγ2
hγ
21  erfc
ln hA0hℓ
 
þ μffiffiffi
8
p
σx
0
@
1
Ae

2σ2xγ
2ð1þγ2Þ

: ð35Þ
2. For a strong turbulence
This regime is characterized by the ΓΓ distribution, so, fh(h; wz) can be written as [37, 38]
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f hðh; wzÞ ¼
2γ2ðαβÞðαþβÞ=2
ðA0hℓÞ
γ2ΓðαÞΓðβÞ
hγ
21 
ð∞
h=A0hℓ
hðαþβÞ=21γ
2
a Kαβð2
ffiffiffiffiffiffiffiffiffiffiffi
αβ ha
p
Þdha: ð36Þ
where KνðÞ can be expressed in terms of the Meijer’s G-function G
m,n
p,q ½ as [35]
KνðxÞ ¼
1
2
G2;00;2
x2
4

ðν=2Þ,ðν=2Þ:

"
ð37Þ
So, from Eq. (28), Kαβð2
ffiffiffiffiffiffiffiffiffiffi
αβha
p
Þ can be expressed as [35]
Kαβð2
ffiffiffiffiffiffiffiffiffiffi
αβha
p
Þ ¼
1
2
 
G2;00;2 αβha

αβ
2 ,
βα
2

#
,
"
ð38Þ
Therefore, fh(h) can be written as [38]
f hðhÞ ¼
αβγ2
A0hlΓðαÞΓðβÞ
αβh
A0hl
 ðαþβ=2Þ1
 G3;01;3
αβ
A0hl
h
1 αþβ2 þ γ
2
 αþβ2 þ γ
2, αβ2 ,
βα
2

#
:
"
ð39Þ
The average BER, P(e), in terms of Ph(h) can be expressed as [38]
PðeÞ ¼
ð
∞
0
PðejhÞf hðhÞdh: ð40Þ
Figure 14 shows the average BER in terms of the average SNR for BPSK over different values
of turbulence strength. In this analysis, only the atmospheric turbulence effect is assumed
Figure 14. Average BER versus SNR for BPSK under different turbulence conditions.
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when Eq. (40) is considered. The atmospheric turbulence parameters α∈ (4.34, 4.05, 5.98,
204.64), β ∈ (1.31, 1.98, 4.40, 196.03), and σ2l ∈ (4.00, 1.50, 0.50, 0.01), which represent weak to
strong turbulence conditions, are employed in order to estimate the system BER perfor-
mance. It is observed that the SNR required to achieve a specific BER increases with an
increase in the atmospheric turbulence strength. For instance to achieve a BER of 106 in a
channel with σ2l ¼ 0:01, the required SNR is about 18 dB; however, for fading strength of
σ2l ¼ 0:50, the required SNR increases to 28 dB. Furthermore, at this BER, for σ
2
l ¼ 0:01 and
σ2l ¼ 0:50 additional 2 and 12 dB, respectively, are required compared to the ideal channel in
which there is no turbulence. This shows that the BER increases as turbulence strength
becomes stronger.
4.2. Ergodic channel capacity
The channel capacity is one of the main performance metrics in the design of FSO systems that
needs significant attention. The capacity of a multiple-input-multiple-output (MIMO) FSO
system with M lasers and N photodetectors in bits/s/Hz can be expressed as [34]
C ¼ log2 det IM þ
γinst
M
R
 h i
, ð41Þ
where R ¼
HH
† if N < M
H
†
H if N ≤M

, H denotes an N M channel state matrix, ()† corresponds to the
Hermitian transpose, IM is an M  M identity matrix, and γinst ¼ η
2
eh
2=N0 denotes the instan-
taneous electrical SNR whose average ξa ¼ η
2
eE〈h〉
2=N0.
It is worth noting that there are a number of viable approaches for the estimation of ergodic
capacity of the MIMO FSO link. One of such is the numerical integration approach.
4.2.1. Numerical integration approach
The ergodic capacity, Cerg, of MIMO FSO link can be defined by the expected value of the
instantaneous mutual information C, between the transmit and receive apertures. Hence, the
Cerg of FSO system is a random variable and a function of SNR. The Cerg can be expressed
as [34, 35, 43]
Cerg ≜E〈C〉 ¼
ð
∞
0
log2ð1þ γinstÞf γinst
ðγinstÞdγinst, ð42Þ
where EðÞ denotes the expectation operator and f γinst
ðγinstÞ is the pdf of γinst.
It should be noted that most of the models for ergodic capacity evaluation are based on
numerical integration. However, integration-based approach requires comparatively more
computational time. This is even more challenging in the strong turbulence regimes analysis.
This consequence can be attributed to the Bessel function that is usually expressed in terms
of the Meijer’s G-function for easier evaluation [34]. In Refs. [34] and [35], computational-
efficient approaches are presented in order to reduce the associated high computational time
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of the integration-based approach. This enables faster performance evaluation over a wide
range of SNR.
4.2.2. Power series approach
Considering the power series representation, the ergodic channel capacity can be expressed
as [35]
〈C〉 ¼ f ðXÞ ¼ ψAða0 þ a1X þ a2X
2 þ a3X
3Þ, ð43Þ
where ψ ¼ pi=4 and A ¼ minfM,Ng represent the minimum number of transmit or receive
apertures, X ¼ k1γ, k1 is a coefficient whose value is one and the unit is in b/s/Hz, and an
represents the coefficient of the nth term given by [35]
a0 ¼ 0:13pik1R, ð44Þ
a1 ¼ 0:66R, ð45Þ
a2 ¼ 1:45 10
3
R, ð46Þ
a3 ¼  1:73 10
5
R, ð47Þ
where R ¼ piexp ðσ2R  σ
2
NÞ.
4.2.3. Spatial interpolation lookup approach
The spatial approach is based on B-spline and Barycentric Lagrange interpolation lookup table
(B2LUT). With the B-spline interpolated LUT, the capacity of MIMO FSO system can be
expressed as [34]
C

SNRjðM,N,σ2
N
Þ

¼
Xm1
t¼1
Xm2
r¼1
Xm3
p¼1
ωðSNRjσ2
N
Ip,⋯, IpþhÞ
 ψðSNRjNDr,⋯,DrþℓÞφðSNRjMSt,⋯,StþsÞMt, r,p,
ð48Þ
where I ¼ ðIp,⋯, IpþhÞ, D ¼ ðDr,⋯,DrþℓÞ, and S ¼ ðSt,⋯,StþsÞ are the knot sequences,
ðMt, r,p : t ¼ 1;⋯, m1; r ¼ 1;⋯, m2; p ¼ 1;⋯, m3Þ are coefficients array, and ωðÞ,ψðÞ,φðÞ are the
univariate piecewise B-spline for M, N, and σ2N , respectively.
Another main figure of merit for characterizing the communication link performance is the
achievable average (ergodic) channel capacity. Figure 15 shows the average channel capacity
of FSO link as a function of average electrical SNR for different values of turbulence strength.
The atmospheric turbulence parameters σ2N ∈ (0.0120, 0.1486, 0.2078) result in C
2
N ∈
(6:03 1016m2=3; 7:62 1015m2=3; 1:09 1014m2=3), which correspond to the weak, mod-
erate, and strong turbulence conditions, respectively. Moreover, the capacity of the
nonturbulent channel condition (no fading) is presented for benchmarking. Obviously, the
ergodic capacity of FSO link significantly depends on the atmospheric turbulence strength.
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Comparatively, the ergodic channel capacity for weak turbulence condition is considerably
more than in the cases of moderate and strong turbulence conditions. Moreover, the channel
condition with no fading offers the highest capacity. This shows that the atmospheric
turbulence-induced fading results in severe impairment on the FSO link performance. This
can eventually result in recurrent link failures. Consequently, optical wireless technologies are
not as reliable as the conventional optical fiber technologies. In order to address the challenges,
innovative technologies can be employed to enhance the system performance.
5. Technologies for performance enhancement
FSO is a promising optical technology that can be employed for different application. How-
ever, the tradeoff between the required high data rates and the limitations of atmospheric
channel is the major challenge for reliable implementation of FSO technologies in the access
networks [35]. Therefore, the problems inhibit the FSO system from being an effective and
reliable standalone fronthaul technology. In this section, schemes like hybrid RF/FSO and
relay-assisted transmission technologies that can be implemented to enhance the performance
of FSO technology in the access networks are presented.
5.1. Hybrid RF/FSO technology
It should be noted that RF wireless technologies that operate above approximately 10-GHz
frequencies are adversely affected by rain, whereas fog has insignificant effect on them. On the
other hand, FSO systems are highly susceptible to fog, whereas the effect of rain on them is
negligible. Therefore, it is of high importance to improve the link reliability to alleviate the
adverse effects of the meteorological and weather conditions. An attractive way of addressing
Figure 15. Average channel capacity of FSO link versus average electrical SNR.
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the challenge is a simultaneous employment of an RF link and the FSO link for transmission. It
is remarkable that fog and rain rarely occur concurrently in nature. Consequently, the two
links can function in a complementary way. This concept influences the hybrid RF/FSO
scheme. The RF/FSO is a hybrid scheme that combines the benefits of the inherent high
transmission capacity of optical technologies and the ease of deployment of wireless links.
Moreover, the idea of hybrid RF/FSO system is to concurrently attend to the related drawbacks
and take advantages of both technologies. This will help in the reliable transmission of hetero-
geneous wireless services [8, 24].
In a hybrid RF/FSO technology, there are two parallel links between the transmitter and the
receiver. Moreover, subject to deployment scenario and application, both parallel links of the
hybrid technology have the capability to transmit data. Nevertheless, based on the weather
conditions as well as the EMI levels, either of the links can be used for data transmission [44].
For instance, under adverse atmospheric condition (i.e., fog), the hybrid RF/FSO scheme
ensures that the RF link serves as a back-up in case of FSO link outage. However, the resultant
data rate of the RF link is less than that of the actual FSO link [8, 24]
5.2. Relay-assisted FSO transmission
A realistic approach for turbulence-induced fading mitigation is spatial diversity technique. In
this technique, multiple transmit/receive apertures are employed in order to create and exploit
additional degrees of freedom in the spatial domain. The spatial diversity is an appealing
technique for fading mitigation because of its typical redundancy. However, the utilization of
multiple apertures presents different challenges such as an increase in the system complexity
as well as cost. In addition, the distance between the apertures has to be large enough in order
to inhibit detrimental effects of spatial correlation. A simplified way of implementing spatial
diversity is the dual-hop relaying which has been considerably employed in the RF communi-
cation systems. The dual-hop relaying implementation helps substantially in extending the
network coverage area as well as improving the quality of the receive signal [45].
Furthermore, the concept of relay-assisted transmission is based on creating a virtual multiple-
aperture system in order to realize advantages of MIMO techniques. This is achieved by
exploiting both RF and FSO characteristics in order to have an efficient system in a real-life
situation. Additionally, a relay-assisted transmission is also known as a mixed RF/FSO dual-
hop communication scheme. The dual-hop entails the links from the source to the relay which
are RF links and the links between the relay and the destination which are FSO links. In
essence, RF transmission is utilized at one hop and FSO transmission is employed at the other.
It is remarkable that, in principle, the mixed RF/FSO dual-hop relay scheme is comparatively
different from the hybrid RF/FSO technology. In the latter, parallel RF and FSO links are
normally used for the same path [45]. Furthermore, in the mixed RF/FSO dual-hop scheme,
the main purpose of the FSO link is to enable the RF users to communicate with the backbone
network. This helps bridging the connectivity gap between the backbone and the last-mile
access networks [42, 46].
The mixed RF/FSO dual-hop model efficiently addresses the last-mile transmission bottleneck
of the system. This is achieved by enabling multiplexing of multiple users with RF capabilities
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as well as their aggregation in a particular high-speed FSO link so as to exploit the inherent
optical capacity [42, 45]. Moreover, this implementation stalls any form of interference due to
the fact that RF and FSO operate on completely different frequency bands. Therefore, the
mixed RF/FSO dual-hop model offers better performance compared to the traditional RF/RF
transmission system [45, 46]. In a mixed RF/FSO system, the source comprises multiple RF
users, each equipped with an antenna. Furthermore, at the destination, there is an FSO detec-
tor that is equipped with an aperture. In addition, the source and the destination are connected
by a relay that is usually mounted on a high platform. The relay node performs RF to FSO
conversion. Also, the relay has a receive antenna and a transmit aperture that are assigned for
the RF signal reception and optical signal transmission, respectively.
6. Channel measurement and characterization
In this section, the performance of an FSO link subjected to a real atmospheric turbulence
condition is investigated experimentally. The σ2
N
is measured from the channel samples
obtained so as to determine the degree of atmospheric turbulence and the subsequent effects
on the FSO link quality. Furthermore, the C2
n
can be calculated as explained in Section 3.
6.1. Experimental setup
The experimental setup shown in Figure 16 is employed in the channel measurement. The
setup consists of a point-to-point FSO link that is based on IM/DD technique. The pattern
generator uses a pseudorandom binary sequence (PRBS) of length 223 – 1 bits to generate a 10-
Gb/s non-return-to-zero (NRZ) signal. Also, the produced electrical signal is then injected into
a JDSU Integrated Laser Mach Zehnder (ILMZ) drives at 1548.51-nm wavelength. A standard
single-mode fiber (SSMF) is used to convey the optical output signal launched from the laser to
a 3-mm diameter collimator. The optical power at the input of collimator is set to 0 dBm. The
collimated laser beam is subsequently transmitted over the FSO channel with a round trip
length of 54 m. Figure 16 inset depicts an outdoor FSO setup employed in the measurement.
The overall transmission distance is achieved when the optical signal from collimator 1 passes
Figure 16. Experimental setup. The inset presents the picture of outdoor FSO setup, ILMZ: Integrated Laser Mach
Zehnder.
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through the FSO channel to the mirror with a beam diameter of about 2 cm located at the other
side of the link that is 27 m long, and then reflected back to the collimator 2 at the receiver with
approximately its initial diameter. The collimator is made of a concave mirror, in order to
lessen beam scattering and considerably maximize the power transfer. The converged received
optical signal at the receiver then focuses on the laser collimator which is coupled to the
photodetector by the SSMF. The resulting optical signal is then converted into electrical signal
using a 10-Gb/s PIN photodiode. The PIN is followed by a real-time sampling oscilloscope
(Tektronix: DPO72004B) with a sample rate of 50 GS/s.
6.2. Experimental results
The results of FSO channel samples collected fromNovember 9 to 20, 2015, for characterization
are presented. The data obtained on November 12, 2015, at 01:45 pm and 09:30 pm are
analyzed in this work. The recorded weather conditions are as follows:
1. Scenario 1: 01:45 pm
Temperature, 22C; wind, 6 mph; humidity, 69%; pressure, 1031 mb; visibility, 10 km;
precipitation, 0 mm; and rain rate, 0%.
2. Scenario 2: 09:30 pm
Temperature, 17C; wind, 4 mph; humidity, 80%; pressure, 1030 mb; visibility, 9 km;
precipitation, 0 mm; and rain rate, 0%.
The FSO channel measurement is realized by injecting an unmodulated optical wave that
emanates from the laser into the FSO channel. The FSO channel brings about a path loss with
Figure 17. Histogram of normalized irradiance with log-normal and gamma-gamma fits under different scintillation
index values.
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a mean value of 9 dB, for the setup and the atmospheric conditions. Using statistical means, the
resultant signal detected and received by the real-time oscilloscope is analyzed offline using
MATLAB®.
The characterization of the refractive-index structure parameter C2
n
is achieved by fitting the
nearest LN and the ΓΓ pdf curves to the pdf of the received data. The fittings are presented in
Figure 17. The scintillation index σ2
N
is measured for the two scenarios considered. The values
obtained are 0.0135 and 0.2078 for 09:30 pm and 01:45 pm, respectively. For the first scenario with
σ
2
N
¼ 0:0135, the LN and the ΓΓ fit very well with the measured channel samples σ2
N
. However,
when σ2
N
¼ 0:2078, the LN fitting is loose and unable to give an accurate result for the fading
model, whereas the ΓΓ fitting still maintains a relatively better result for the fading model. This
result shows that the LN model is unsuitable for the strong atmospheric fading characterization.
Furthermore, the estimated values of the refractive-index structure parameters, C2
n
, are
6:7807 1016m2=3 (σ2
N
¼ 0:0135) and 1:0864 1014m2=3 (σ2
N
¼ 0:2078). Therefore, the first
(σ2
N
¼ 0:2078) and the second (σ2
N
¼ 0:0135) scenarios correspond to the strong and weak
turbulence regimes, respectively.
7. Real-time coherent PONOWC based on dual polarization for the mobile
backhaul/fronthaul
In this section, proof-of-concept gigabit-capable long-reach coherent PON and OWC systems
with the ability to support different applications over a shared optical fiber infrastructure are
experimentally implemented. This is in an effort to demonstrate the FSO application in certain
areas in the mobile cellular systems in which physical connections by means of optical fiber
cables are impractical or in rural area that lacks fiber infrastructure. Moreover, this is achieved
by a reconfigurable real-time DSP reception of a dual-polarization-quadrature phase shift
keying (DP-QPSK) signal over the SSMF and FSO systems. It is worth noting that the system
is validated by a commercial field-programmable gate array (FPGA) in order to have an open
system whose components and protocols conform to standards independent of a particular
equipment vendor. In this analysis, we study signal transmission and reception over 100 km of
SSMF as well as over a hybrid 100 km of SSMF plus a 54-m outdoor FSO link. We are able to
establish the lowest sampling rate that is necessary for digital coherent PON by employing
four 1.25 Gsa/s ADCs with an electrical front-end receiver that offers just 1-GHz analog
bandwidth. This is realized by implementing a phase and polarization diversity coherent
receiver in conjunction with the DP-QPSK modulation formats. This technique is of high
importance in order to relax the required electrical digital units at the optical network unit
(ONU) toward the RF rates. This scheme also helps in realizing the anticipated data rate for the
next-generation coherent optical access networks for the 5G Mobile wireless networks.
7.1. Experimental setup
The experimental setup depicted in Figure 18a is used to validate the performance of a PON
system with hybrid fiber and FSO link using DP signals. It is worth mentioning that only the
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receiver DSP of the setup is estimated in real time. At the OLT, the light from an external cavity
laser (ECL) (<100 kHz linewidth) is injected into an IQ modulator (IQM). The wavelength λ is
centered at ~1549 nm. The IQM is driven by a 65-Gsa/s arbitrary waveform generator (AWG)
that generates 625 Mbaud signals from a 212 – 1 pseudo random bit sequence (PRBS). The
subsequent signal is then digitally filtered using a raised-cosine (RC) filter with a 0.1-roll-off
factor and 32-taps FIR resolution in addition to a simple 3-taps FIR pre-emphasis subsystem.
The employed modulation format is the differential DP-QPSK, providing 2.5 Gb/s per end
user. The obtained spectrum is shown in Figure 18b.
In an effort to emulate the DP system, this signal is divided into two using an optical splitter.
Then, we applied a delay of 12 symbols to one of them for an effective decorrelation purposes.
Afterward, both polarized signals are multiplexed orthogonally once again using a polariza-
tion beam combiner (PBC). This implementation results in dual polarization of the signal. The
optical power is managed using variable optical attenuators (VOAs). This subsequent signal is
then propagated over 100 km of an SSMF and 54-m FSO. At the receiver side, the signal is
coherently detected using a 490 optical hybrid by means of a free-running ECL LO with
about 100-kHz linewidth tuned to the center channel, λ. The optical signal is converted to the
electrical domain using four balanced detectors (BDs) and then amplified by transimpedance
amplifiers (TIAs). This results in the in-phase and quadrature components of each polarization.
It is worth noting that only an output of the TIA is used. The signal is then filtered using a 1-
GHz low-pass filter and sampled by four 8-bit 1.25 Gsa/s ADCs. The digitalized signal is
conveyed to a Virtex-7 FPGA, where the entire post-detection 8-bit DSP in real time is
implemented. The applied DSP is based on [47]. The bit-error rate (BER) is calculated in real
time by bit error counting, averaged between the two polarizations.
In addition, we consider the possibility of an outdoor FSO communication link as part of the
system. The employed FSO link setup in this study is similar to that in Figure 16 that we have
Figure 18. (a) Experimental setup for 20625 Mbaud DP-QPSK signal; (b) Overall spectrum (PBS: polarization beam
splitter; BPD: balanced photodetector; CoRX: coherent receiver).
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discussed in Section 6. The outdoor FSO link experiences a total loss of ~8–9 dBm. At the
collimator, the received signal is guided to an integrated phase- and polarization-diverse
coherent receiver.
7.2. Experimental results
Figure 19 illustrates receiver sensitivity in terms of BER measured for the DP-QPSK signal. The
figure presents results for the back-to-back (B2B) and 100 km of fiber scenarios as well as 100-
km plus 54-m FSO. The considered BER limit of 3.8103 corresponds to the 7% hard-decision
forward error correction (HD-FEC). As shown in Figure 19, there is no significant penalty
between 100 and 100-km plus FSO in real-time results.
8. Conclusions
In this chapter, we have presented various opportunities of using optical wireless communica-
tion technology for addressing the last-mile transmission bottleneck of the fixed/mobile net-
work. We have also discussed various challenges of the OWC and presented different
solutions in order to make OWC an efficient technology. In the proof-of-concept experiment,
we study the transmission capabilities of a PON based on DP signal in terms of receiver
sensitivity. This is implemented with the real-time ONU receiver that is emulated by a com-
mercial FPGA. This helps in facilitating an open system and hence enables interoperability,
portability, and open software standards. The transmissions over 100 km of SSMF as well as
over a hybrid 100 km of SSMF plus a 54-m outdoor FSO link are successfully realized consid-
ering 625 Mbaud DP-QPSK channel.
Figure 19. Receiver sensitivity in terms of BER measured for DP-QPSK signals.
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